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II Abstract 
The main objective of this thesis is to define the role of twin boundary and 
martensitic transformation in corrosion fatigue crack growth of annealed and cold-
rolled 304 stainless steels. To assist in the understanding of micromechanisms for 
corrosion fatigue crack growth in these steels, the relationships between the crack 
paths and the underlying microstructure were investigated. Corrosion fatigue in the 
deleterious environm~n-ts (0.6M NaCl and air) was brittle, and occurred primarily by 
I 
\ {001} ,' and other uni..dentified, quasi-cleavage, accompanied by preferential cracking 
along {111}1 twin and grain boundaries. In contrast, fatigue cracking in vacuum 
was ductile, fully transgranular and noncrystallc,graphic. Transformation to alpha 
prime( a'-) martensite by fatigue was found to be essentially complete in· the cold-
rolled steel, and in the annealed steel, tested in vacuum, but was substantially less in 
the annealed steel, tested in air and 0.6M NaCl solution. These results, taken in 
conjunction with the crack growth and electrochemical reaction data, support 
hydrogen embrittlerrient as the mechanism for corrosion fatigue crack growtl1 in 304 
stainless steels in 0.6M NaCl solution. Martensitic transformation is not necessary 
for embrittlement and is incidental to corrosion fatigue crack growth in th~se steels. 
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Chapter 1 : INTRODUCTION 
This researcl1 was undertaken to assist • 1n understanding the 
micromechanisms for corrosion fatigue crack growth in the metastable austenitic 
stainless steels. Specifically, the relationship between the crack paths and the 
underlying microstructure was examined for corrosion fatigue cracks in annealed and 
cold-rolled AISI 304 stainless steels tested by Allision [1]. Allision [1] investigated 
chemical and crack geometry effects on corrosion fatigue cracking of annealed and 
cold-rolled (25%) AISI 304 stainless steel in deaerated 0.6M NaCl solution, as well as 
in air and in vacuum, under constant cyclic stress intensity(~K) conditions. The role 
of microstructure on 
investigated [1 J. 
• 
corrosion fatigue crack growth, however, was not 
This research was initiated and was motivated by 
observations: 
the following 
( 1) fracture surfaces produced by corrosion fatigue crack growth in 0.6M 
NaCl solution and in air showed well defined, light-reflective facets and "brittle-
appearing" quasi-cleavage; 
(2) fracture surfaces in vacumm was ductile in nature; and 
(3) fracture surfaces showed evidence of phase transformation. 
Fractographic and crystallographic techniques have been used extensively to 
study the micromechanisms for the sustained-load cracking ( or stress corrosion 
cracking) in austenitic stainless steels [2-5]. Comparable studies of corrosion fatigue 
crack growth, on tl1e other hand, have been limited. The strain induced phase 
transformation during fatigue of AISI 304 stainless steel in air, hydrogen and 
vacuum has been demonstrated[6-8]. The formation of deformation induced 
martensite has 
em brittlemen t [9]; 
been shown to • increase 
hydrogen • • appearing 1n 
the susceptibility to hydrogen 
many cases to first induce the 
transformation to martensite and then embrittling it[9]. Detailed analysis of the 
crack path in relation to the microst,;_:ucture, however, was Q-ot done. 
I 
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To understand the effect of microstructure on corrosion fatigue crack growth 
in AISI 304 stainless steels, metallographic, fractographic and crystallographic 
techniques were used in this study to identify the cracking elements and their 
corresponding microstructures. The role of individual cracking elements, including 
cyclic-load induced alpha prime martensite, was evaluated with the aid of a 
superposition model[lO]. 
The thesis is organized into the following six( 6) chapters: Chapter 1 is an 
introduction to this research; Chapter 2 contains a review of technical background; 
Chapter 3 provides a description of the material and experimental work; Chapter 4 
describes the experimental results; Chapter 5 includes the discussions of the results; 
and Chapter 6 gives a summary of the research. 
-3-
( Chapter 2 : TECHNICAL BACKGROUND 
This chapter provides the basic technical background for the understanding 
of corrosion fatigue crack growth in terms of the material ( or microstructural) 
response in austenitic stainless steels. The material response is described in term of 
the crack path or the elemental cracking process. The cracking element is classified 
as being either transgranular ( through a grain or along an internal interface) or 
intergranular (along a grain boundary). The detailed fracture surface morphologies 
are then explained in relation to the fracture processes. 
2.1 Review of fractographic analyses 
The fractographic features of stress corrosion cracks in austenitic stainless 
steels were well investigated [2-5]. More attention was paid to the crystallograpl1ic 
orientations of the microfractographic features. Meletis et al. [11] summarized the 
crystallographic methods for small-facet orientation determination. Liu et al. [3] 
employed photogrammetric and electron channelling techniques to show that the 
fracture facets corresponded to {100} planes in 310 stainless steel. The situation was 
more complicated for 304 stainless steel, possibly because of the presence of 
martensite on the fracture surfaces. Their results indicated the presence of {110} and 
{211} fracture facets[3]. Mukai et al. [5], using an etch-pitting method, found tl1at 
the fracture facets in 304 stainless steel cracked in boiling MgCl2 solution generally 
corresponded to {100}, with crack growth in the <110> direction. In 304L stainless 
steel, Meletis and Hochmann [4,11], using etch-pitting, electron cl1annelling, two 
surface analysis and photogrammetry, found predominantly {100} facets, with some 
{110} facets also present. 
Unfortunately these investigations[2-5, 11] only identified the orientation of 
the fracture facets and did not investigated the corresponding microstructure. The 
material adjacent to the fracture facet needs to be identified either as austenitic or 
' 
'1-,., 
martensitic phase. The role of the fracture facets in determining the stress corrosion 
cracking growth rate also was not investigated. 
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2.2 Martensitic transformation 
In metastable austenitic stainless steels, strain induced alpha prime( a') 
martensite which forms along the path of crack propagation, can play an important 
role both in hydrogen embrittlement[12-14] and in stress corrosion cracking[15]. But 
little work has been done to investigate the role of martensitic transformation in 
corrosion fatigue crack growth. A brief review of martensitic transformation in the 
stainless steel is given in the following subsections. 
2.2.1 Thermally induced martensitic transformation 
Reed [16] investigated the phase transformation sequence of Fe18Cr8Ni 
stainless steel on cooling. He found the sequence is from the , phase to c and a' 
martensites. The morphology of a' martensite is long, narrow plates, and these 
plates were bounded by { 111}, sheets. The long direction. of the plates was parallel, 
or nearly parallel, to < 110> 1 . If they were parallel to < 110>, then the plates had 
{225}1 habit planes. If they deviated from <110>, then the habit plane was not 
{225} ,· Breedis et al. [17] studied Fe16Cr12Ni austenitic stainless steel single 
crystals. The same sequence of transformation was observed; i.e., from the FCC , 
phase to the HCP c phase then to the BCC a' martensite. These studies show that 
the l phase is the intermediate phase in the transformation of austenite to a' 
martensite. 
In summary, the important points from the papers of Reed and Breedis for 
this study are as follows: 
( 1) Alpha prime martensite is in the form of long, narrow plates. 
(2) Epsilon phase is the intermediate phase in the transformation from 
austenite to a' martensite. This suggests that if the material already contains epsilon 
martensite, it would be easier to transform to alpha prime martensite. The 
crystallographic and morphological information may be used for fracture 
components identification. 
-5-
2.2.2 Strain and hydrogen induced martensite transformation 
When AISI 304 stainless steel was deformed at room temperature, there was 
transformation of the austenite phase to a' martensite. Powell et al. [18] showed 
that, for uniaxial tension and compression at moderately high strain rates, the 
amount of martensite decreased with increasing rate. The stress assisted 
transformation product is identical to thermally induced martensite. Hecker et al. 
[19] found the martensitic transformation saturated at about 85 volume percent of 
a' martensite in AISI 304 stainless steel. The kinetics of the strain induced 
transformation was studied by Olson and Cohen[20]. The kinetics indicated that the 
amount of a' martensite depended on the plastic strain, which is affected in turn by 
stacking fault energy and strain rate. 
Hydrogen induced martensitic transformation in AISI 304 austenite stainless 
steel was reported by Holzworth et al. [21]. Martensites induced by cathodic 
charging hydrogen into 304L steel were found to be the same as those formed by 
strain induced transformation. Hydrogen expanded the austenite lattice and lowered 
the stacking fault energy of austenite. The only difference between martensitic 
transformation induced by hydrogen absorption and that by mechnical 
deformation was in the ratio of f martensite to a' martensite; being much higher in 
the hydrogen charged material. 
In summary, the major points are: 
(1) Strain and hydrogen induced martensitic transformation follow the same 
sequence FCC(,) to HCP (E) to BCC(a'). 
(2) Factors that lower the stacking fault energy of the austenitic phase will 
increase phase transformation, especially to the epsilon phase. 
(3) Martensitic transformation saturated at volume fraction of about 85% 
alpha prime martensite in AISI 304 stainless steel. 
2.3 The effect of martensite on hydrogen embrittlement 
The effect of pre-existing martensite on hydrogen embrittlement was 
investigated by Hanninen et al. [22]. When the amount of pre-existing a' martensite 
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was increased, the fracture surface features became smaller and less crystallographic. 
At 23 vol% a' martensite, the fracture surface was characterized essentially by 
quasi-cleavage. Pre-existing a' martensite can increase markedly the embrittling 
effect of hydrogen. Briant[9] claimed that the formation of deformation induced 
martensite in low yield strength austenitic stainless steels greatly increased their 
susceptibility to hydrogen cracking. On the other hand, hydrogen embrittlement has 
been observed in the absence of detectable alpha prime martensite[23], and no alpl1a 
prime martensite was found on the stress corrosion fracture surfaces formed in 
boiling MgCl2 solution [24]. 
The literature on the effect of dissolved hydrogen on strain induced 
martensite transformation is inconclusive. West et al. [25] reported x-ray data that 
suggested hydrogen assisted a' martensitic transformation in l1ydrogen charged AISI 
304 stainless steel specimen strained in tension. Casl{ey [26], on the otl1er I1and, 
pointed out that dissolved hydrogen in austenitic stainless steels l1ad little effect 011 
strain-induced martensite transformation during room temperature deformation, but 
suppressed the transformation at subzero temperatures. Caskey [27] also clairned 
that strain induced martensite was neither necessary nor sufficient for hydrogen 
damage in austenite stainless steels. 
In summary, the main points are: 
(1) Although martensitic transformation increased the susceptibility of 
stainless steels to hydrogen embrittlement, it is not necessary for tl1e en1brittlen1ent 
in metastable stainless steels by hydrogen. 
(2) Hydrogen may have an effect on strain-i11duced martensitic 
transformation under certain circumstances. 
\ 
(3) Little information, l1owever, appears to l1ave been reported about possible 
effects of martensitic transformation on corrosion fatigue crack growtl1 i11 304 
stainless steels. 
2.4 Outstanding issues 
To further understand the role of microstructure i11 corrosion fatigue of 304 
stainless steels, the following issues need to be addressed : 
-7-
( 1) the crystallographic orientation of facets, 
(2) the microstructure corresponding to the fracture facet, 
(3) the role of facet ( corresponding microstructure) in corrosion fatigue crack 
growth, and 
{ 4) the role of a' marten site transformation in corrosion fatigue crack 
growth. 
In order to address the above issues, metallographic and crystallographic techniques 
will be used. A superposition model will be employed to evaluate the role of a' 
martensitic transformation in corrosion fatigue crack growth of AISI 304 stainless 
steel. 
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Chapter 3 : MATERIALS AND EXPERIMENTAL WORK 
\_) 
3.1 Material 
Solution-annealed and cold-rolled AISI 304 stainless steels were used in this 
investigation. The chemical compositions and room temperatt1re tensile properties of 
these steels are given in Table I and Table II. 
3.2 Metallographic analysis 
In order to reveal the microstructures of annealed and cold-rolled materials, 
traditional metallographic methods such as grinding, polishing and etcl1i11g, were 
used. Electrolytic etching was used for AISI 304 stainless steel. Etching was carried 
out in an 10% oxalic aqueous solution at 6 volts for 60 to 90 seconds. Polarized light 
illumination was used to enhance microstructural contrast. The grain size of 
annealed material was measured by the three circle method. The microstructure was 
also examined by transmission electron microscopy (TEM). TEM foils were prepared 
by electropolishing the specimens in a 20% perchloric acid-ethanol solution at 20 
volts( 40 mA) and -40° C. The temperature is very critical for producing a 
uniformly thin area around the hole of the TEM foil. A Philips 400T electron 
microscope was used for the microstructure study. 
3.3 Fractographic analysis 
Fractured Single-edge-notched (SEN) specimens(7.6 mm thick by 25.4 mm 
wide by 132 mm long) used by Allision [1] in his corrosion fatigue crack growth 
study were examined. The specimens were in the TL ( transverse-longitudinal) 
orientation, and were tested in four point bending under constant ~K conditions 
(~K == 20 MPa~m for the annealed material, and ~K==20 and 30 MPa~m for tl1e 
cold-rolled material, with R==0.1) over a frequency range from 0.1 to 10 Hz. Fatigue 
tests in 0.6M NaCl aqueous solution were conducted under potentiostatic control at 
an externally applied potential, of -400 m V with respect to a saturated calomel 
reference electrode (SCE). The solution was prepared by dissolving sodium chloride 
( certified ACS) in deionized water, and was deaerated with l1igh purity nitrogen to 
an oxygen concentration less than 0.01 ppm [1]. Fatigue crack growth tests in 
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air were performed only at 10 Hz. Wedged-opening-load(WOL) type specimens were 
used for tests in vacuum. Additional experimental information may be obtained from 
Allision 's dissertation [ 1]. 
Fracture surface was first ultrasonically cleaned in acetone for 15 minutes, 
and then in methenol for 10 minutes, and finally in ethanol for 10 minutes and dried 
• • 1n air. 
An ETEC Auto scan electron microscopy was used for fractographic analysis 
of the fatigue fracture surfaces. SEM was generally operated at 20 kV, with a 
working distance from 15 to 25 mm. The specimens were tilted from O to 15 degree 
about an axis parallel to the direction of crack growth. 
3.4 Crystallographic and quantitative analysis of fracture facets 
An etching pit method was chosen to identify the orientation of fine fracture 
facets, because the facets were too small ( < 300 µm) for X-ray diffraction analysis. 
For cubic materials, suitable reagent can preferentially attack specific 
crystallographic planes. The resulting shape of an etch pit will be a polyhedral, 
formed by the intersection of the crystal with the etch pit faces, and will reflect tl1e 
crystallographic orientation of the etched surface. Meletis et al. showed the 
geometric etch pit shapes for the three principal planes and the corresponding shape 
of etch pit surfaces, associated with preferential attack of {001} palnes in [11]. By 
examing the geometric shapes of the etch pits by SEM and by measuring the angles 
between the traces of intersecting etch pit faces, the orientation of the crystal surface 
can be determined [7]. 
For this AISI 304 stainless steel, one series of standard etching pits were 
prepared for comparison with the etching pits in the fracture facets. An annealed 
specimen was prepared to produce a very flat, polished surface. The etching pits 
were formed by electroetching in 10% oxalic aqueous solution, at 6 volts and room 
temperature. 
The fracture surface was then etched u11der identical condition to produce 
etching pits on the fracture facets. SEM was used to investigate the etcl1ing pit 
geometry and to identify the crystallographic orientation. Specimen tilting was not 
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used in the SEM so as to maintain the geometrical identity(i.e., avoid the effects of 
foreshortening). 
For quantitative analysis of facets, the Micro-Plan II digital analyzer was 
used to measure the areal fraction of facets over the entire fracture surface. 
3.5 Cross-section studies 
In order to resolve the microstructure beneath the fracture facets, a cross-
section method was used. A transverse section was made through the fracture 
surface by carefully cutting with a diamond blade, with adequate cooling fluids, to 
minimize mechanical deformation and avoid overheating. The cut surface was then 
ground and polished until it intersected a fracture facet. The fracture surface was 
protected from damage during grinding and polishing the cross-section of specimen, 
and much attention was paid to keep the edge of cross section sharp. After polishing, 
electroetching was used to reveal the microstructure. 
3.6 Crack path studies 
In order to investigate the fatigue crack growth path in annealed 304 
stainless steel, a compact tension( CT) specimen was cyclically loaded in air at a low 
stress intensity level to introduce a fatigue crack. Before fatigue testing, the 
specimen was ground, polished and lightly etched in 10% oxalic aqueous solution, 
operated at 6 volts and room temperature to reveal the microstructure. After 
fatigue testing, the crack path through the microstructure was examined by using 
polarized light illumination to enhance color contrast. 
3. 7 X-ray diffraction analysis 
X-ray diffraction was used to determine the extent of martensitic 
transformation. Although the depth of x-ray penetration is large, 95 percent of the 
diffraction information refers to a depth of only about 25 µm, and 50 percent of tl1at 
information originates in the first 5 µm [28]. Therefore, the x-ray diffraction analysis 
is well suited for investigating martensitic transformation in the thin layer near the 
fracture surface. In this study, an APD1700 Automated Powder Diffractometer 
-11-
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System I was used to provide quantitative estimates of the amount of alpha prime 
martensite. 
Quantitative x-ray diffraction analysis is based upon the principle that the 
integrated intensity of the diffraction pattern of a specified phase depends on the 
volume fraction of that phase in the mixture. For quantitative analysis, the direct 
comparison method was used to estimate the relative amounts of austenite and 
martensite: 
where 
I == integrated intensity, 
R=(_L) [ IFl2 p ( ~+ cos2B)] (e-2m)' 
y2 s1n2e cose 
V == volume of unit cell, 
F == structure factor, 
P == multi plication factor, and 
C == phase volume fraction. 
In this study, austenite {111} peak and martensite {110} peak were chosen for the 
quantitative analyses. The lattice parameters and crystal structures of both 
austenitic and martensitic phases were determined for use in the R calculations. The 
crystal structure of austenite is face-cent-er cubic, with lattice parameter a== 0.358 
nm. The crystal structure of martensite is body-center cubic, with lattice parameter 
a== 0.287 nm. 
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Chapter 4 : EXPERIMENTAL RESULTS 
4.1 Microstructure 
The microstructures of the annealed and cold-rolled AISI 304 stainless steels 
were studied by both optical microscopy and conventional transmission electron 
microscopy. Figure l(a) shows optical typical microstructure of an annealed 304 
stainless steel with equiaxed grains and annealing twins, some of the twins appear to 
pass through half of the grain in this cross-section. The grain size of annealed 
material was about 60 µm based on the optical microstructure measurement. The 
difference in color reflect differences in crystal orientation. Figure l(b) shows the 
typical TEM microstructure of annealed 304 stainless steel with annealing twins and 
dislocations. 
Figure 2( a) shows optical microstructure of the cold-rolled material, with 
deformed grains, twins and slip bands. Figure 2(b) shows TEM microstructure of the 
cold-rolled material, with microtwins and stacking faults. 
Both the annealed and cold-rolled materials were austenitic; no epsilon phase 
was detected by x-ray diffraction. The cold-rolled material contains a large amount 
of lattice defects, such as microtwins and stacking faults. These defects provide a 
high potential for martensitic transformation. The stacking faults has the same 
atomic packing sequence as epsilon martensite, which is ABABAB .... In contrast, 
/'.·-
the annealed material has a relatively low pote,ntial for martensitic transformation, 
because the microstructure consists of well-anneal grains and annealing twins. 
4.2 Fracture surface morphology 
4.2.1 The fracture surface morphology of annealed AISI 304 stainless steel 
The fracture surface morphologies were studied. Fracture surfaces were 
produced by fatigue crack growth in 0.6M NaCl solution, air and vacuum at ~K==20 
MPa~m , R=0.1 and frequency ranging from 0.1 to 10 Hz. Typical fracture surface 
morphology in the aqueous solution consisted mainly of the following four 
components: (1) light-reflective flat facets over the fracture surface, see Figure 3; (2) 
a very small amount of well defined intergranular separation, Figure 4; 
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(3) microcracks out of the macroscopic plane of fracture, namely secondary cracks, 
Figure 3; and ( 4) the regions between the facets, which are characterized by 
features that are commonly termed quasi-cleavage, Figure 3(for more detail see 
Figure 5). The fracture surface morphology of annealed material in air and in 
vacuum are shown in Figs. 6 and 7, respectively. The fracture surface morphology in 
0.6M NaCl and air are essentially the same and are brittle in nature. The fracture 
surface morphology in vacuum was ductile in nature and did not contain light-
reflective facets. The morphology was totally different from that in aqueous solution 
and air. These observations shows that the environment did interact with the 
microstructure to produce different fracture surface morphologies under the same 
mechanical condition. 
It is worth noting that quasi-cleavage was the predominant mode of fracture 
in the aqueous solution and air. However, the light-reflective fracture facets were 
well defined and were selected for further analysis. 
4.2.1.1 Fracture facet analysis 
Fracture facets were observed over the fracture surfaces which were produced 
in the aqueous solution and in air. Detailed features of the facet may be summarized 
as follows: 
( 1) Some facets are relatively featureless and others have fine structure, such 
as parallel steps, see Figure 6 for air, and Figs. 8, and 9 for aqueous solution. 
Figure 10 shows facets formed on parallel planes. 
(2) The fracture surfaces appear to be matched one-to-one even at high 
magnification, Figs. 6, 8 and 9. Figures 6 and 9 show matching of facets and 
particle-hole and hole-hole pairs across mating fracture surfaces. The reason for a 
hole-hole pair is that the particle which was originally there had fallen out or was 
dissolved in the solution during corrosion fatigue. 
(3) The facet sizes varied from about 10 to 50 µm, which are comparable to 
the austenite grain size. If the facet corresponds to the twin boundary ( see detail 
later), then the facet sizes are compatible with the size of twins in the microstructure 
as shown in Figure 1 (a). 
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( 4) There were slip traces on some of the facets, Figure 11. The 
crystallographic directions of these traces will be determined from the etch pit 
analysis. 
The areal fractions of facets over the fracture surfaces were measured. The 
amount of facets are shown as a function of I/frequency in Fig. 12. The effect of 
frequency was not large. The percentages of facets are relatively small; being about 
8.1±4.1 percent and 5.3±0.4 percent (estimated at 95% confidence) for annealed 304 
stainless steel tested in the aqueous solution and in air at 10 Hz, respectively. 
To further understand the role of facets • 1n corrosion fatigue, the 
crystallographic orientation of the facets was determined by the etch-pit method. 
By comparison with the standard etching pits in Figure 13, the etching pit 
geometry which indicated that the facet plane corresponds to { 111} in austenite. In 
FCC material, slip traces will form on { 111} slip planes and along < 110 > 
directions. Figure 11( c) showed that the slip traces were parelled to one edge of the 
etching pit. This observation further confirmed that the facet plane was { 111} type 
crystallographic plane. 
4.2.1.2 Quasi-cleavage analysis 
The regions between the facets represent the predominant mode produced by 
fatigue in the aqueous solution and in air. The morphology was more irregular, and 
quasi-cleavage in character, Figs. 3, 5 and 14. Etching pit method was applied to 
investigate the crystallographic nature of the quasi-cleavage region. Some of the 
quasi-cleavage regions showed well defined etching pits, Figure 14, and corresponded 
to cracking along {100}1 planes, as indicated by deep etching. So, the quasi-cleavage 
cracking were along macrocrystallographic planes ( say {100} type plane ). 
4.2.1.3 Fracture surface morphology in vacuum 
The fracture surface morphology in vacuum is totally different from that in 
aqueous solution and in air. There were no light-reflective fracture facets, no quasi-
cleavage region, no grain boundary separation in the fracture surface in vacuum. 
Ductile deformation markings and relatively flat coarse striation-like regions form I 
the major components of the fracture surface morphology in vacuum, Figs. 7 
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and 15. 
4.2.2 The fracture surface morphology of cold-rolled AISI 304 stainless steel 
The fracture surface produced by corrosion fatigue crack growth of cold-
rolled 304 stainless steel in 0.6M NaCl solution were examined by scanning electron 
microscopy. The major morphology components are as follows: (1) very small 
amount of light-reflective facets, but smaller in size than those in annealed steel, 
Figure 16; (2) quasi-cleavage regions (surrounding the facets), Figure 16; and (3) 
secondary cracks, Figure 16 (at lower magnification). There was no well defined 
grain boundry cracking. The fracture surface in Figure 17 showed parallel laths, that 
are brittle in nature. According to the slip trace analysis, the facets corresponded to 
{ 111} type planes. Similar to the annealed material, the cold-rolled material showed 
closely matched mating region, with clearly defined particle-hole pair, Figure 18. 
Fracture surface morphology of cold-rolled material was also very sensitive to 
environment, Figure 19; with the morphology changed at the air and vacuum 
boundary. The fracture surface morphology produced in vacuum was ductile in 
nature, Figure 20 , and showed slip markings, Figure 21. 
4.3 Crack path and microstructure 
In order to understand the role of microstructure in corrosion fatigue crack 
growth, a metallographic cross-section method was used to 
• 
examine the 
microstructure in relation to specific components of the fracture surface morphology; 
for example, the light-reflective facets produced in annealed 304 stainless steel in air 
and in the aqueous solution. A typical example is shown in Fig. 22, where a twin 
boundary is identified with a flat fracture facet. 
To further examine the crack path, the same method was used on a fatigue 
sample tested in air. The fatigue crack path and the underlying microstructure are 
shown in optical micrographs taken with polarized light illumination to enhance 
contrast, Figs. 23-25. Cracking was predominantly transgrannular with respect to 
the austenite grains, Figure 23. Some cracking along a twin boundary and an 
austenite grain boundary may be seen in Figs. 24 and 25, respectively. Whether the 
fatigue crack went along a twin boundary or not depended upon its orientation with 
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respect to the main crack so as to maintain macroscopically Mode I cracking. 
Based on the low magnification micrographs, the maximum angle of 
deviation of the twin boundary cracks, from the expected direction of crack growth 
was determined. Figure 26 showed the schematic diagram of crack path. This angle 
was found to be about 28 degrees based on the two dimensional measurement. For 
determining the true angle, additional sections are needed to take the third 
dimension into account. 
The path of a fatigue crack in vacuum, relative to the microstructure, was 
examined, and no twin boundary and grain boundary separations were observed. 
4.4 Martensite transformation near the fracture surface 
To evaluate the role of fatigue induced transformation to alpha prime 
martensite on corrosion fatigue crack growth, quantitative x-ray diffraction analyses 
were performed on the fracture surfaces. The original annealed and cold-rolled 
stainless steels show I austenitic phase, Figs. 27 and 28. The materials after fatigue 
testing • 1n vacuum, air and 3.5% NaCl solution, show the a' martensitic 
transformation, Figs. 29-34. The results of martensitic transformation are given in 
Table III. In the annealed material, the amount of a' martensite in the material 
fatigue in vacuum was found to be much more than that in aqueous solution and in 
air. No distinct f martensite was detected by x-ray diffraction on the fracture 
surface. In the cold-rolled material, the situation was different. The volume fractions 
of a' martensite in cold-rolled material are essential the same in all three 
environments. Again no distinct f martensite was detected on the fracture surface by 
x-ray diffraction. 
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Chapter 5 : DISCUSSION 
5.1 Facet analysis 
The fracture surface~1 of annealed 304 stainless steel tested in 0.6M NaCl 
\ 
solution and in air contained, very flat, light-reflective facets. Although the amount 
of facets were small, these facets were well defined. To better understand the origin 
of these facets, the crystallographic orientation of the facets was determined by an 
etch pit method. The etching pits were triangular in shape, with one of the etching 
pit edges parallel to slip traces, Figure ll(c). Based on the etching pit geometry, the 
plane of the facets was identified as being of { 111} type in the fee material. The 
facet orientation was further confirmed by slip trace analysis. Because the { 111}, 
slip planes would intersect a {111}, plane to form slip traces along < 110> 
directions, the angle between two intersecting slip traces would be a 60 degrees . 
The analyses of etching pits and slip traces were based on the fee type material. 
Examinations of transverse sections showed that the facets are always 
associated with annealing twins, and represent cracking along the twin boundaries in 
austenite. Figures 23, 24 and 25 show cracking along some twin boundaries and 
grain boundaries, but mostly by transgranular cracking. Because twins are usually 
well separated, and the amount of twin boundary cracking (or number of facets) 
would be limited. Because of orientation considerations, the fracture surface would 
seldom show intersecting facets, but could have parallel facets, or facets with steps 
corresponding to the incoherent boundaries seen along twins in the 
microstructure[29]. The facet surface morphologies were different; some being simple 
and some having parallel steps(see Figures 3, 8, 9 and 10). This difference may be 
explained by the boundary microstructure, and further confirms that the facets 
represent twin boundaries. 
The above discussion indicate that the facets and etching pits are associated 
with a fee crystal structure. Liu et al. [3] reported that for a 304 type material 
tested in MgCl2 at 289° C, no martensitic phases were detected at the fracture 
surfaces and there were large and flat fracture facets. This means that the flat facets 
must be associated with the austenitic phase. Caskey [27], using wide-angle x-ray, 
showed the presence of austenitic, alpha prime and epsilon phases on fractured 304L 
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type material. However, Laue back-reflection patterns from characteristic brittle 
facets only gave patterns for austenite. All of the evidence show that the material 
adjacent to the fracture facets ( twin boundary) remained austenitic. 
5.2 Role of twin boundaries 
The experimental results showed that deleterious test environments altered 
the fracture surface morphology . from ductile transgranular cracking to brittle 
{111}1 twin boundary and quasi-cleavage separation. The preference for twin 
boundary separation depends on the orientation of the twin boundary with respect 
to the loading axis to maintain "in plane" Mode I crack growth. A schematic sketch 
of the crack paths in annealed AISI 304 stainless steel is given in Fig. 26. 
The role of twin boundary and grain boundary in environmentally assisted 
fatigue crack growth was assessed by Gao et al. [30] using the following analysis: 
The total linear fraction of twin and grain boundaries, A can be expressed by: 
Where 
~Si : the maximum distance of crack growth along ith boundary ( either twin 
or grain boundary), 
Bi : the angle between main crack and boundary, 
di : the size of the corresponding grain, and 
Fi ( Bi) : the probability of occurrence of the events identical to ith boundary 
cr:acking. 
For simplicity, the average crack growth distance ~l and average grain size d 
are taken. 
A == ~l (F I d) 
This equation predicts that the linear fraction of twin-grain boundary cracking 
increases as the grain size decreases, and reaches its limit, A == F when d approaches 
~l. 
The role of twin boundary cracking in environmentally assisted fatigue crack 
growth can be estimated by a superposition model by assuming that the areal 
fraction of twin boundary separation on the fracture surface is equal to A. 
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(~) . [(da) -(~) ] A dN e,matr1x + dN e,g dN e,matrix 
: crack growth rate of the material in environment 
C!N )e,matrix : crack growth rate through matrix , 
: crack growth rate along twin or grain boundary. 
From this equation, 
c!N )e will increase. 
assuming (ddNa )e g > (ddNa) t . , if A increases, then 
, e,ma r1x 
Therefore if grain size decreases, the crack growth rate in environments will 
increase. This implies that grain refinement may not be beneficial from the corrosion 
fatigue crack growth point of view. This prediction needs further experimental 
verification. 
5.3 Martensitic transformation 
The issue is whether martensitic transformation is required for hydrogen 
embrittlement of the metastable austenitic stainless steels. From the study of 
annealed material, the amounts of a' marten site near the fracture surface in 0.6M 
' 
NaCl solution and in air were found to be much lower than that observed in vacuum 
( 40% versus 80% ). In the cold-rolled material, on the other hand, the amounts of a' 
martensite were nearly the same for all of the environments (80% )(see Table III). 
This implies that the a' martensite transformation was not enhanced by hydrogen, 
and transformation was not required for hydrogen embrittlement. The difference in 
the amount of a' martensite in annealed and cold-rolled stainless steels in 0.6M NaCl 
aqueous solution may be explained by microstructural differences. Murr et al. [31] 
reported that a' martensite nucleated only at shear band intersections. Shear bands 
consist of bundles of stacking faults, twins ( or l- martensite ). The microstructure of 
cold-rolled material (see Figure 2) show the deformed grains, with microtwins and 
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slip bands. These defect sites have a high potential for martensitic nucleation, and 
require less strain to effect transformation. 
In the absence of hydrogen (i.e. in vacuum), the amount of alpha prime 
martensite in the annealed and cold-rolled stainless steels was almost the same, at 
about 80 vol%; i.e. , at nearly the saturated amount according to Hecker[19]. 
Thus, crack-tip strain is primarily responsible for a' martensite transformation. The 
lower amount of transformation ( ,...,..40 vol%), for the annealed material suggests 
embrittlement by hydrogen had severely limited the strain that could be attained. 
The results suggest that the amount of transformation was determined by 
the maximum strain at the crack tip and by the initial microstructure. 
Hanninen et al. [32] rerported that the fracture surface of hydrogen-charged 
AISI 316 type material did not showed any martensite. This suggested that the a' 
martensitic transformation is not required for hydrogen em brittlement. The lower 
amount of a' martensite in 0.6M NaCl solution and in air for the anneal material is 
in agreement with this interpretation. The relative susceptibility of martensite and 
austensite to environmental cracking, however, may be different. Schuster et al. [7] 
reported that the difference in fatigue crack growth rates of type 301 and 302 
stainless steel in hydrogen was due to their difference in austensite stability(301 less 
stable than 302). Their arguments are as follows: 
(a) hydrogen permeation through a' martensite is higher than , austensite. 
(b) a' martensite might crack more easily than the , phase. 
From this study, the cold-rolled material showed higher fatigue crack growth '°'" 
rate than the annealed material in 0.6M NaCl solution(see Figure 35), while the 
cold-rolled material also had more a' martensite on fracture surface. In essence, a' 
martensite does seem to be more susceptible to environmental cracking than the 
austensite. However, the next question to consider is whether the a' martensite is 
fully responsible for the observed difference in fatigue crack growth rate between the 
annealed and cold-rolled materials. 
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5.4 Role of martensitic transformation in corrosion fatigue 
Figure 27 shows a comparison between the fatigue crack growth rates of 
annealed and cold-rolled materials tested at dK==20 MPa~m and 298K in 0.6M NaCl 
solution(at pH=6.5 and -400 mV SCE) [1]. The fatigue crack growth rates in the 
cold-rolled material are seen to be 3""4 times higher than those in the annealed 
material. Before fatigue testing, the microstructures of two materials are different, 
and after testing, the amount of a' martensite on the fracture surface are also 
different. 
The contribution of a' martensite to the fatigue crack growth rate may be 
estimated by the superposition model(32]. 
where 
CiN \ = mechanical fatigue rate, 
CiN )c = " pure " corrosion fatigue rate, and 
<I> = fractional area of crack that is undergoing pure corrosion fatigue. 
For more than one cracking element, the superposition model may be rewritte11 as 
following : 
where 
• 
1 
f· 1 
• 
• 
• 
• 
CiN)ei = cJN\/1- <I>i) + cJN\i <I>j 
ith cracking element, 
areal fraction of ith element, and 
<l>i : areal fraction of ith element undergoing pure corrosion fatigue. 
In the present study, two elements are considered; one is the austenitic 
phase(A) and the other, the martensitic phase(M). Therefore, 
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To further simplify the estimation, only the crack growth rate in 0.6M NaCl solution 
at the saturation level ( or for 
<I> A = <l>M = 1. As such, 
( da) _ (da) dN e,A - dN cA ' 
pure corrosion fatigue) is , considered, • i.e.' 
For this estimate, crack growth rate in a' martensite is assumed to be 10 times 
higher than in the austenite, i.e., CiN \M = 10 ciN \A , and therefore, 
(~N)e = (~N)cA [l0-9 f Al 
The areal fraction f A is taken to be equal to the volume fraction of austenitic phase 
determined from the x-ray measurements(see Table III); for the annealed material, 
fA == 0.6 and for the cold-rolled material fA == 0.3 at ~K==20 MPa~m in 0.6M 
NaCl solution. Using these values, fatigue crack growth rate enhancement by a' 
martensite is estimated to be only a factor of 1.6, and cannot account for the 
observed difference in fatigue crack growth rate between the annealed and cold-rolled 
materials. This suggests the a' martensite transformation played only a secondary 
role in the corrosion fatigue of 304 stainless steels. 
Other reasons for the difference in fatigue crack growth rate need to be 
considered. One such reason may be the basic difference in microstructure , such as 
microtwins, dislocation densities, and stacking faults. The cold-rolled material has a 
high density of microtwins(Figure 2(b )). The microtwins are about 15 • nm 1n 
thickness, and the twin boundaries are the preferred cracking paths. These 
microtwins, therefore may be responsible for the difference in fatigue crack growth 
rate between the cold-rolled and solution-annealed materials. 
In summary, the microstructure difference between the cold-rolled and 
annealed stainless steels is the main reason for the difference in crack growth rate 
between them. 
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Chapter 6 : SUMMARY 
The roles of twin boundary and martensitic transformation in corrosion 
fatigue crack growth of solution-annealed and cold-rolled AISI 304 stainless steels 
were studied by metallographic, fractographic, crystallographic and x-ray diffraction 
techniques. A model proposed by Gao et al. incorporating the contributions by the 
twin boundary and a' martensite, was used to estimate the crack growth rate. 
Fracture surface morphologies of annealed and cold-rolled AISI 304 stainless 
steels tested in 0.6M NaCl aqueous solution and in air were brittle, exhibiting shiny 
facets and quasi-cleavage features. The facets corresponded to {111}1 planes and 
were formed by cracking along the twin boundary. Fatigue cracking occurred 
primarily by {001}, , and other unidentified, quasi-cleavage. However, preferential 
cracking along the {111}1 twin boundaries and austenite grain boundaries occurred 
whenever these boundaries were favorably oriented with respect to the loading axis. 
Fatigue cracking in vacuum was ductile and non-crystallogrphic in nature. 
Transformation to alpha prime martensite by fatigue was found to be 
essentially complete in cold-rolled steel, and in annealed steel, tested in vacuum, but 
was substantially less in the annealed steel, tested in air and 0.6M NaCl solution. 
Based on x-ray analysis, metastable austenite to martensite transformation 
is not a prerequisite for hydrogen embrittlement of AISI 304 stainless steels. The 
contribution of martensite to fatigue crack growth rate was estimated and was 
judged to be of secondary importance. The difference in crack growth rates between 
the cold-rolled and annealed materials was attributed mainly to microstructural 
difference, such as microtwins, dislocations, stacking faults, etc .. 
These results, taken in conjunction with crack growth a11d electrochemical 
reaction data, support hydrogen embrittlement as the mechanism for corrosion 
fatigue crack growth in 304 stainless steels. Martensitic transformation is not 
necessary for hydrogen embrittlement and incidental to corrosion fatigue crack 
growth in these steels. 
(i 
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Table I : Composition of AISI 304 Stainless Steel 
Condition Chemical composition (Wt.%) 
C Cr Ni Mn Si 
Annealed( 1) 0.054 18.53 9. 75 1.22 0.48 
Cold-rolled(2)0.061 18.23 8.05 1.94 0.55 
(25%) 
(1) Oak Ridge National Laboratory, Heat No. 922796 
(2) Allegheny Ludlum Steel Corp., Heat No. 899586-63 
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Mo 
0.32 
0.21 
p s 
0.03 0.02 
0.03 0.02 
/ ! ) . 
<. \ \_ J 
.\ 
Table II : Room Temperature Tensile Properties For AISI 304 Stainless Steels(l) 
Condition 
Annealed 
Cold- rolled 
(25%) 
0.2% Offset 
Yield Strength 
(MPa) 
208 
796 
( 1) Average of three specimens 
(2) Gage length=50.8 mm 
(3) Gage length=12.7 mm 
Tensile 
Strength 
(MPa}--- __ 
594 
863 
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Elongation R.A. 
(%) (%) 
I 
80.2(2) 65.6 
23.6(3) N/A 
Table III Volume Percentage of Alpha Prime Martensite Near 
The Fatigue Fracture Surface at Room Temperature 
Material and Environmental Condition 
Test Condition 
3.5% NaCl Lab. Air Vacuum 
Annealed 
LlK==20 MPa~m 40 40 86 (1) 
Cold- rolled 
LlK==20 MPa4[m 70 N/A 80 
LlK==30 MPa~m 83 73 83 
(1) ~K==24 MPa4[m 
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(a) 
(b) 
Fig. 1 Optic,:il and TE~,1 n1icrographs of a,nnealcd AISI 304 stainless steel sho\ving 
(a) cquiaxed gra.ins and ,tnnealing t,vins, and (b) a,nnealing twins and 
d islocc1tic)ns. 
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Fig. 2 
(a) 
0.1 µm 
' I I I 
0r)tica.l and TE1\1 n1icrographs <1f C<)ld-rolled 304 stainless steel showing 
(a) deforn1ed grains, t\vins a,nd slip ba.nds, and (b) 1nicrotwins and stacking 
faults. 
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Fig. 3 SEI\'1 n1icrofractograph of anne<1Ied 304 sta.inless steel tested in 3.5% NaCl 
solution at ~1(==20 1\1Pa~n1, R=O.l and f==lOHz, 298 I{ showing 
( 1 ) a fl at fa.cc t ( 2) a s cc on cl (l r y c r a.ck ( 3) i r reg u I a r appearing reg i o 11 s. 
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Fig. 4 
(a) (b) 
SEM microfrctographs of annealed 304 stai11less steel tested in 3.5% NaCl 
solution at LlK==20 MPa~1n, R==O.l an<l f==O.l 1-Iz, 298 l(, showing cracking 
along austenitic grain boundaries at ( a) low magnification and (b) higl1 
magnification. 
I 
w 
tv 
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(a) (b) 
Fig. 5 SEM microfractographs of a.nnealed 304 stainless steel tested in 3.5% NaCl 
solution at ~1(==20 MP a~ m, R==0.1 and f == 10 II z, 298 I(, showing a 
quasi-cleavage (QC) region at high magnification: (a) before etching and (b) 
after etching. Note that the platelet-like features marked by A in ( a) n1ay 
be related to a' martensite, and that the etch-pits in (b) indicate the QC 
occurred along {001} ,· 
w 
w ,... 
,. . , 
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"':i' ,, ... . ,., 
~ .... 
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Fig. G SEiv1 n1icrof'r;-1ctographs of a.nncalcd ~10·1 stainless steel tested in air at 
~ I { == 2 0 IVf Pa {In , R == 0. 1 a n d f == 1 0 II z , ') 0 8 I ( , show i n g the 111 at in g 
surfa,ces of a fa.cct si1nilar to t.ha.t <)bscrvcd in 3.5% Na.Cl solution. 
N o t c : t h e p a r 1. i cl c- Ji n I < ~ p , li r a s i 11 d i ca t. c d b )' I 1 a. n d 11 . 
w 
Fig. 7 SEM microfractographs of annealed 30--1 stainless steel tested in vacuun1 at 
1.7xlo-5 Pa at ~1(=24 MPa~n1, R==0.1 and f==8 Ilz, 298 1(, sho\ving 
typical ductile striation-like markings. 
Fig. 8 
A 
' 
S El\I microfractograp hs fro111 mating fra.ctu re surfaces of annealed 304 
stainless steel tested in 3.5% NaCl solution at ~I{==20 N1Pa~m, R == O.l and 
f =0 .1 If z, sho,ving A-A: feature less flat facet; B-B: facet with steps; ancl 
C-C: irregular a.ppearing regions between fa.cets. 
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Fig. 9 SEM microfractographs -fron1 n1ating fra.cture surfaces of annealed 304 
stainless steel tested iu 3 . .5 o/cJ NaCl solution at Li1(=20 MPa~m, R==O.l 
and f==0.1 Ilz, 298 I(, sho\ving particle-hole J)air (P-I-I) and hole-hole 
p a. i r ( I-1 -I I ) . 
Fig. 10 SEl\I n1icrofractographs of annealed 30~ stainless steel tested in 3.5% NaCl 
solution a.t .6. 1{==20 l'vl I.:>a,{ni, R==O. l, a.nd f ==5 IIz, 298 I{, sho\ving a series of 
facets in steps. 
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(a) (b) 
(c) 
Fig. 11 Sr~l\f n1icrofractographs of annealed 304 stainless steel tested in air at 
~1{ == 20 1\1 fJa.{m, Il= O.l and f=lO tlz, 298 I{, sho,ving a fctcet (a) before 
etching, (h) a,fter etching, and (c) tlie facet at high n1agnitication to 
s h C) \ v t h c c t c h i n g p i ts ( l) i t i\ is t h c pi t i n r cg ion A i n ( b ) ) . 
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F_ig. 12 The areal percentage of facets vs. !/frequency for an annealed 304 stainless 
steel tested in 3.5% NaCl solution at .6.1(=20 ~IP a~ m and---298 K . 
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(a) 
- , 
(110) 
(b) 
Fig. 13 Geo1netric sha.pe of etch J)it.s on {001}, {011} and {111} planes: 
( a) SE~1 micrographs and (G) sche111a.tic digrams. 
Note: the side faces of etch pits consist of {001} planes. 
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(111) 
(a) (b) 
Fig. 14 SE1\1 n1icrofractogra.phs of annealed 304 stainless steel tested iu 3.5% N a,Cl 
solution a.t ~1(==20 fvll)a.{lli, ll==O.l and f== O.l Ilz, 298 I(, sho\ving the 
qua.si-clcavagc fea,ture a.ftcr ctcliiug {001} 1 etch-pits at both (a) lo\V and 
( b) Ii i g h 111 a.g 11 i fi cal. i () 11 s . 
Fig. 15 SEI\1 111icrofractograph of annealed 304 stainless steel tested in ,racuum 
sho,ving coarse striation-like ductile 111orr>hology. 
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(a.) (b) 
Fig. 16 S EM microf ractograph of cold-rolled 30-'1 sta.inless steel tes tcd in ~3 .5 % N a('.I 
so] ution at ~1(==30 NI Pa VTI, Il=O. l and f =0.1 II z, 2D8 l(, sho,ving a facet 
and its surrounding quasi-cleavage region, a,11d (b) the f,tcct ,vith s lip traces 
at high magnification. 
.. 
Fig. 17 SEi\1 1nicrofra.ctogra.plis c>f cc)]d-rollecl 304 stainless steel tested in 3.5% 
NaCl solution at LJ..1(==30 f\1J>a{m, R.==0.1, f==lO Hz and 298 I(~ sho\ving 
parallel laths in the fra,cture surface. 
- 4,1 - ,I 
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I 
Fig. 18 SEM microfractographs of mating surfaces of cold-rolled stainless steel 
tested in 3.5% NaCl solution at ~1(==30 MPa~n1, R==0.1 and f==lO llz, 
298 I(, showing a particle-hole pair. 
( 
Fig. 19 SEivl n1icrofractograph of cold-rolled 30L1 stainless steel showing a sl1a,rp 
transition in morphology at the border between cracking in \racuurr1 and in 
. 
air. 
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Fig. 20 SEM n1icrofractograph of cold-rolled 304 stainless steel tested in vacu uni 
showing ductile nature of the fracture surface morphology. 
I 
' \ 
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( a) (b) 
F'ig. 21 SEM 111icrofra,ctographs of cold - rolled 30 11 stainless steel tested in vacuun1 
showing the slip traces in ( b) cts 1n c1rked by A in ( a). 
Fig. 22 SEf\1 1nicrofractograph of annealed 304 stainless steel tested in 3.5% NaCl 
s O] u ti() n at .6. I<:== 2 0 IVI r a {in ' n, == 0 .1 and f == ] 0 Hz' 2 9 8 I{ , sh O \Vin g a 
fracture facet fc)rmed along a t\vin boundar)'· 
( transverse section of the fracture surface ) 
- 49 -
\ 
Fig. 23 Crack path at the n1idsection of an annealed 304 stainless steel speci1nen 
\vhich \Va.s tested in a.ir, sho,\'ing transgranular (TG) separation and 
slip ban<ls(for example at A). 
-50-
f 
--. ft 
Fig. 24 Crack path at the 111iclsection of a.n annealed 304 stainless steel specimen 
\Vhich \vas tested in air, sho\ving separation along a tvvin boundary. 
I 
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... . 
~ Fig. 25 Crack path at the midsection of an annealed 304 stainless steel specimen 
which was tested in air, sho,ving separation along a grain boundary and 
slip bands at A. 
- 52-
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\ 
' \ 
Local 
Stress 
Fig. 26 A schematic diagram of crack paths in annealed 304 stainless steel, showing 
the cracking across grains(transgranular) and along twin and grain 
boundaries. 
(g.b. stands for grain boundary separation, t.b. for twin boundary cracking) 
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Fig. 27 X-ray diffraction pattern of an annealed 304 stai11Iess s,eel specime11 
,vl1icl1 was ground, polished and electroetcl1ed. 
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Fig. 28 X-ray tliffraction Jlattern of a cold-rolled 304 stai11less steel speci1nen 
which was ground, 1>olished a11<l electroetcl1ed. 
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Fig. 29 X-ray diffraction pattern of fracture surface of an annealed 304 stainless 
steel tested in vacuum at a constant ~I( of 24 MPa~m. 
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Fig. 30 X-ray diffraction pattern of fracture surface of an annealed 304 stainless 
steel tested in air at a constant ~I( of 20 MPa~m. 
Isl 
~ 
,+,J 
• ,-.I 
C/J 
~ 
Q) 
,+,J 
~ 
"""""4 
I 
CJ1 
00 
I 
\ 
x10 3 
1.00 
0.81 
0.64 
0.49 
0.36 
0.25 
0. 16 ~ 
0.09 
0.04 
0.01 
Sample: 11AF File: SC17 .SM 
r (111) 
a'(llO) 
I I I ,.,...~--- IIIIWl"ll6MII.,._.,. 
12-DEC-90 16: 17 
II I II 
--------------.......-·--~·--r----1 
40.0 50.0 60.0 70.0 80.0 90.0 
1. 00] 
0. 81 1 
0.64 
0.49 
0.36 
0.25 
0. 16 
0.09 
0.04 
0.01 
Bragg angle (20)( degree) 
100 110.0 120.0 140.0 150.0 
Fig. 31 X-ray diffraction pattern of fracture surface of ·an annealed 304 stai11less 
steel tested in 3.5% NaCl solution at a constant ~I( of 20 MPa~m. 
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~i~. 32 X-ray diffraction pattern of fracture surface of a cold-rolled 304 stainless 
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steel tested in vacuum at a constant ~I( of 20 MPa~m. 
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Fig. 33 X-ray diffraction pattern of fracture surface of a cold-rolled 304 stainless 
steel tested in air at a constant dl( of 20 MPa~m. 
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Fig. 34 X-ray diffraction pattern of fracture surface of a cold-rolled 304 sta.i11less 
steel tested in 3.5% NaCl solution at a constant ~I( of 20 Iv1Pa~m. 
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